Background: Impatiens (Impatiens walleriana) is a top selling floriculture crop. The potential for genetic transformation of Impatiens to introduce novel flower colors or virus resistance has been limited by its general recalcitrance to tissue culture and transformation manipulations. We have established a regeneration and transformation system for Impatiens that provides new alternatives to genetic improvement of this crop. Results: In a first step towards the development of transgenic INSV-resistant Impatiens, we developed an efficient plant regeneration system using hypocotyl segments containing cotyledonary nodes as explants. With this regeneration system, 80% of explants produced an average of 32.3 elongated shoots per initial explant plated, with up to 167 elongated shoots produced per explant. Rooting efficiency was high, and 100% of shoots produced roots within 12 days under optimal conditions, allowing plant regeneration within approximately 8 weeks. Using this regeneration system, we developed an efficient Agrobacterium-mediated Impatiens transformation method using in vitro multiple bud cultures as explants and a binary plasmid (pHB2892) bearing gfp and nptII genes. Transgenic Impatiens plants, with a frequency up to 58.9%, were obtained within 12 to 16 weeks from inoculation to transfer of transgenic plants to soil. Transgenic plants were confirmed by Southern blot, phenotypic assays and T 1 segregation analysis. Transgene expression was observed in leaves, stems, roots, flowers, and fruit. The transgenic plants were fertile and phenotypically normal.
Background
Impatiens is a top selling floriculture crop, with an annual value of approximately $155 million in the US reported in 2006 [1] . It grows throughout tropical Africa, India, southwest Asia, southern China, Japan, as well as parts of Europe, Russia, and North America [2] , with Impatiens walleriana the most commonly cultivated species throughout the world [2] . Impatiens Necrotic Spot Virus (INSV) is a serious threat for the floriculture industry both in North America and in Europe [3] [4] [5] . Because no naturally INSV-resistant Impatiens cultivars have been available the possibility of transgenic virus resistance is attractive. This possibility depends, however, on the availability of a robust transformation system.
There are few reports in the literature dealing with Impatiens tissue culture and transformation. These include micropropagation [6] [7] [8] [9] , in vitro germination of immature ovules [10] , growth of cotyledon sections [11] , callus culture [12, 13] and embryo and ovule culture [14, 15] . The majority of these publications reported callus induction from explants using New Guinea, Java Impatiens and Impatiens platypetala, with no de novo plant regeneration. Plantlet production has only been reported via micropropagation.
In terms of Impatiens transformation reports, hairy root induction in vivo from cotyledons of Impatiens balsamina and Impatiens hawkerii was reported using A. rhizogenes [16, 17] . GUS and PCR positive plants of I. balsamina were obtained from cotyledon explants using microprojectile bombardment [18] . A patent relating to Agrobacterium-mediated transformation of Impatiens was issued, but no experimental data confirming transformation were reported in the patent [19] . We report the development of a simple and efficient Agrobacterium-mediated transformation and regeneration system for Impatiens using in vitro maintained multiple bud cultures as transformation explants. To the best of our knowledge, there have been no reports of Agrobacterium-mediated transformation of Impatiens with experimental evidence of stable integration of T-DNA and of Agrobacterium-mediated transformation method for plants using in vitro maintained multiple bud cultures as explants.
Results and discussion
Regeneration protocol development Cotyledonary node explants (CNE) were evaluated for shoot regeneration after 4 weeks on shoot induction media 1 (SIM1) and 2 (SIM2), supplemented with 5 μM 6-benzyladenine (BA) and 5 μM thidiazuron (TDZ), respectively. On SIM2 medium amended with TDZ, 43% of explants produced multiple shoots (with more than three shoots per single explant) whereas only 18% of explants formed multiple shoots on SIM1 containing BA. Once TDZ had been shown to promote greater shoot regeneration than BA from cotyledonary nodes of Impatiens, the concentration of TDZ in the regeneration medium was optimized. With I. walleriana cv. Accent Red, TDZ at 1, 3 and 7 μM had significantly (P < 0.05) greater frequencies (40.0%, 26.7% and 35.0%, respectively) of explants producing multiple shoots than 5 μM (6.7%), but there was no significant difference for percent of explants producing multiple shoots among the three concentrations (Table 1 ). For I. walleriana cv. Salmon Picote, the frequency (50.0%) of explants producing multiple shoots was significantly (P < 0.05) greater when using 1 μM TDZ than the other (from 10.0% to 26.7%) concentrations tested (Table 1) .
To further optimize shoot regeneration frequency, we tested combinations of TDZ with BA at different concentrations using hypocotyl segments containing cotyledonary nodes (HSCCN). More than 95% of explants from both genotypes produced multiple shoots when using IM2 and IM3 with both BA and TDZ (data not shown), whereas TDZ at 1 μM without BA (IM1) promoted only 40% response for Accent Red and 50% response for Salmon Picote ( Table 1 ). The combination of 2.3 μM TDZ and 1.8 μM BA (IM2 medium) generated significantly (P < 0.05) greater frequencies of explants (66.5% for Accent Red and 80.1% for Salmon Picote) producing massive shoots, determined as production of 15 to 167 elongated shoots from a single explant (an average of 32.3 elongated shoots per explants) compared to other treatments ( Table 2) . IM2 not only significantly increased the frequency of explants responding, but also increased number of shoots produced per explant and reduced time to produce the shoots. Multiple buds formed 2 to 3 weeks after culture ( Figure 1A ) and up to 167 shoots were produced from a single explant on IM2 ( Figure 1B ). Shoots were separated 3-4 weeks after multiple shoot induction on IM2 and transferred to shoot elongation medium IM4 similar to IM2 except with 0.23 μM TDZ and 0.22 μM BA for several weeks. For rooting, 95.8% to 100% of shoots produced roots within 2 to 3 weeks after the shoots were transferred to the rooting medium IM5. Kinetin at 139 μM produced the greatest number of shoots (8.5 shoots from the most responsive genotype) from shoot tips of an interspecific hybrid, T63-1, of a cross between Impatiens platypetala and a New Guinea Impatiens [6] . Han and Stephens [7] reported that BA at 10 μM was most effective for stimulating shoot multiplication using shoot tips as explants for the same hybrid, for which 9.3 shoots per explant were obtained. Also BA at 4 mg/dm 3 and kinetin at 12 or 20 mg/dm 3 induced multiple shoots from shoot tip explants of I. walleriana in micropropagation [9] .
Cotyledonary nodes have been the explants of choice for transformation of soybean and otherwise recalcitrant legumes [20] [21] [22] [23] . They have recently been used to transform a member of the Bignoniaceae family [24] . Micropropagation of recalcitrant species of legumes, including common bean [25] , grasspea [26] , and Sesbiana [27] , among others, has been facilitated by the use of cotyledonary nodes. Recently cothledonary nodes were identified as the only explants capable of regeneration for the ice plant, Mesembranthemum crystallinum [28] . TDZ was reported to induce a high frequency of plant regeneration in Stachys sieboldii [29] , lingonberry [30] , Linum [31] , Salicornia europaea [32] , Cichorium intybus [33] , Astragalus cicer [34] , Carthamus tinctorius [35] , Pisum sativum [36] and ginger [37] .
Determination an optimal concentration of kanamycin for transformation selection
For shoot selection, the percentage of multiple bud cluster explants (MBCE) producing new growth was significantly (P < 0.05) lower when using kanamycin at 50 mg/l than at 0, 20 or 35 mg/l (18.2% vs. 100%, 91.5% and 86.4% for Accent Red and 15.7% vs. 100%, 80.6% and 83.3% for Salmon Picote. Kanamycin at 50 mg/l was chosen for shoot selection of both cultivars because it significantly (P < 0.05) inhibited shoot growth and this non-lethal concentration may allow recovery of transgenic plants having low expression of a neomycin phosphotransferase II (NPTII).
For root selection of Accent Red, kanamycin at 25, 35 and 50 mg/l significantly inhibited the percentages of shoots producing roots (22.2%, 11.1% and 0%, respectively) compared with no kanamycin. However, there was no significant difference among the percentages of shoots producing roots when using kanamycin at 25, 35 and 50 mg/l. Kanamycin at 35 mg/l was chosen for root selection because it prevented 90% of shoots from producing roots, and this non-lethal concentration may allow the recovery of transgenic plants having low NPTII expression.
Effect of co-culture duration on Agrobacterium infection
After 6 and 7 days of co-culture a significantly (P < 0.05) greater percentage of explants (31.2% and 29.4%, respectively) exhibited a green fluorescent protein (GFP) expression compared to those receiving 1 or 2 days of co-culture when there was no GFP expression was observed and there were only a few shoots with GFP expression when MBCE were co-cultured for 3 or 5 days (data not shown). By using MBCE and co-culture of the explants on filter paper dampened with an inoculation medium, we were able to control Agrobacterium growth even 10 days after co-culture (data not shown).
Cheng et al. [38, 39] reported that placing explants on filter paper moistened with inoculation medium during co-culture significantly reduced Agrobacterium overgrowth compared to solid co-culture medium.
Regeneration of transgenic plants
Six to seven days after co-culture, MBCE were selected on IM2 supplemented with 50 mg/l kanamycin and 250 mg/l carbenicillin. Approximately 3 to 4 weeks after selection, GFP positive buds were observed ( Figure 1C) , with GFP positive shoots obtained 6 to 7 weeks after selection ( Figure 1D ). The percentage of explants producing GFP positive buds and/or shoots was 59%. GFP positive shoots were transferred to IM5 with 35 mg/l kanamycin and 250 mg/l carbenicillin to induce roots, and 79% of GFP positive shoots generated roots on IM5 2 to 4 weeks after culture ( Figure 1E ). Transgenic plants expressing GFP were transplanted into soil. The transformation cycle from inoculation to soil took approx. 2 to 3 months. The percentage of explants producing transgenic plants was 59% and the frequency of initial explants that produced independent transgenic plant events confirmed by Southern blot was 10.4%. Transgenic plants expressed GFP in many tissues, including leaf, stem, root, flower (including sepals, anther walls and ovaries), and immature seed (Figure 1 and 2). Transgenic plants appeared phenotypically normal and fertile ( Figure 1G and 1H). Taha et al [18] reported that GUS and PCR positive shoots of I. balsamina were regenerated from bombarded cotyledon explants on MS medium supplemented with 1 mg/l BA and 75 mg/l hygromycin; subsequently, GUS and PCR positive plants were obtained on MS medium supplemented with 0.1 mg/l indole-3-acetic acid (IAA).
PCR, Southern blot and R 1 segregation analysis of transgenic I. walleriana
Amplified PCR products corresponded to the expected size for the nptII gene in five GFP positive plants and in the Agrobacterium, but not in the wild type plant (nontransgenic plant) ( Figure 3A ). In addition, the PCR band for the picA gene was only present in the Agrobacterium strain EHA105 containing pHB2892 ( Figure 3B ). This indicated that the nptII gene had integrated into the genome of the transgenic plants, and was not due to Agrobacterium contamination of the transgenic plants.
Up to twenty transgenic plants that expressed GFP were analyzed by Southern blot using probes of nptII and gfp genes. Southern blot hybridization with the nptII probe revealed the transgene copy number varying between one and three for ten T 0 and two T 1 transgenic plants ( Figure 4 ). An expected band size of 1.9 kb, positioned within the T-DNA for the gfp gene, was present in eleven T 0 and six T 1 transgenic plants ( Figure 5 ).
Segregation of GFP expression among the T 1 plants for 13 transgenic T 0 lines displayed the expected 3:1 ratio (p < 0.05) for a single gene hemizygous in the T 0 ( Figure 1F and 6) . Segregation in the remaining ten transgenic exhibited a disproportionate number of nontransgenics in the T 1 (Figure 6 ). No seedlings from the control Impatiens plant displayed GFP. For our transformation system, GFP expression was used to select transformed buds and/or shoots 2 to 4 weeks after selection. The GFP positive buds and/or shoots were transferred to shoot elongation medium with 50 mg/l kanamycin for 3 to 4 weeks and the GFP positive shoots were transferred to rooting medium with 30 mg/l kanamycin for 2 to 4 weeks. Among selected GFP positive shoots tested, 100% of them produced transgenic plants that were confirmed by Southern blot and R 1 segregation analysis. Among MBCE that were inoculated and plated on selection medium, 10% of them produced GFP positive buds and/or shoots. Approximately 40% to 94% of kanamycin resistant shoots have been reported to be non-transgenic (shoot escapes) when using kanamycin as a selective agent in many plant species [40] . For transformation of tomato cv. MicroTom, 91.5% of kanamycin resistant shoots after selection on 100 mg/l kanamycin were shoot escapes [41] . However, additional selection of kanamycin resistant shoots on rooting medium with 100 mg/l kanamycin yielded 95.6% transgenic plants [42] . An advantage of visualizing GFP expression in our system was to enable us to select transformation events at an early stage thus avoiding the transfer of non-transgenic shoot that survived the kanamycin selection, saving both time and labor.
Conclusions
We report the development of a simple and efficient Agrobacterium-mediated transformation and regeneration system for Impatiens. To the best of our knowledge, there have been no reports of Agrobacterium-mediated transformation of Impatiens with experimental evidence of stable integration of T-DNA. Co-cultivation period, type of explants, a gfp gene as reporter marker to allow early stage selection of transformants and selection regime were critical factors for successful transformation of Impatiens.
Many Agrobacterium-mediated transformation methods have used explants derived directly from in vivo plants or from pre-cultured embryogenic calli for inoculation, due to ease of infection by Agrobacterium, but these methods have disadvantages such as expense of stock plant growth, detrimental sterilization procedures, time-consuming explant preparation, lack of flexibility, microbial contamination of explants, variation due to age and position of explants, all of which affect transformation efficiency. Our direct shoot regeneration system without an intervening callus phase is desirable for both nuclear and plastid transformation using Agrobacteriummediated and biolistics methods for several reasons, including: 1) efficient, simple and rapid regeneration and transformation (with no need for sterilization or a greenhouse to grow stock plants), 2) flexibility (available all the time) for in vitro manipulation, 3) uniform and desirable green tissue explants for both nuclear and plastid transformation using Agrobacterium-mediated and biolistics methods and 4) no somaclonal variation. In addition, Impatiens CNE derived from in vivo seedlings necrosed, rotted and died several days after Agrobacterium inoculation [43] . Using in vitro MBCE derived from the HSCCN of Impatiens overcame this problem and enabled transgenic plant regeneration. Maziah et al. [44] inoculated a single bud isolated from in vitro multiple buds with Agrobacterium to produce transgenic banana. Our use of in vitro MBCE for Agrobacterium inoculation circumvented the problem of necrotic explants and resulted in more efficient transformation than inoculation of single buds. To our knowledge from literatures, there have been no reports of Agrobacterium-mediated transformation method for plants using in vitro maintained multiple bud cultures as explants.
A major challenge associated with plant transformation technology is the death of Agrobacteriumtransformed tissues or cells, which severely limits the number of transgenic plants that can be regenerated, and the biotechnological exploitation of economically important crops. Hydrogen peroxide (H 2 O 2 ) plays an important role in programmed cell death (PCD) and stress [45] . However, little is known about the molecular mechanisms regulating plant PCD, and the signaling pathway leading from H 2 O 2 to the death of the tissues during transformation. Impatiens CNE derived from in vivo seedlings necrosed, rotted and died several days after Agrobacterium inoculation [43] . Using in vitro MBCE derived from the HSCCN of Impatiens overcame this problem and enabled transgenic plant regeneration. We can further investigate levels of cell death and the correlation between the cell death and H 2 O 2 production of the both explant types and determine whether MBCE reduces the H 2 O 2 production and subsequently it decreases cell death. A mechanistic knowledge of how the tissue death is triggered by the signaling molecule (H 2 O 2 ) during the transformation is required in order to solve this issue. Ornamental horticulture, and particularly floriculture, is well-suited to the application of genetic engineering technology because the product is not intended to be consumed, so commercialization may meet fewer obstacles without the need of food safety studies. However, genetic engineering technologies including transformation have had limited impact in ornamental horticulture. As the development of new varieties is an important driving force in the industry, there are, therefore, good prospects for the development of new genetically modified ornamental crops. Using the present protocol, thousands of transgenic Impatiens could be produced within 3 to 4 months. The transformation methodology developed in this study will thus be useful for future Impatiens improvement.
Methods

Materials
Seeds of I. walleriana cvs. Accent Red and Salmon
Picote were obtained as a gift from Goldsmith Seed Co.
(Gilroy, CA). Seeds were decontaminated by a gas sterilization method. Seeds were placed in a sterile 100 × 15 mm Petri dish. The Petri dish and a 250 ml beaker containing 100 ml Clorox™ bleach were placed in a 150 mm diameter desiccator, which had been surface sterilized with 70% alcohol. The desiccator was placed in a fume hood and 3.3 ml of 37% HCl (Sigma, reagent grade, 435570-2 (or 12 N HCl) were added drop by drop along the side of the beaker. The desiccator was placed under vacuum for 15 min, after which the valve was closed and the seeds left overnight. The next day the seeds were transferred to MAGENTA® culture vessels (Phyto-Technology Laboratories, Shawnee Mission, KS, USA.) containing approx. 100 ml germination medium (GM) medium (Table 3) , a modified MS medium [46] and incubated at 24°C, 16 h photoperiod and light intensity of approx. 82.6 μmol for 12 to 20 days. Agrobacterium strains EHA105 and LBA 4404 containing plasmid pHB2892 [47] were used for transformation experiments. The plasmid pHB2892 contains a green fluorescent protein (gfp) gene driven by a double CaMV 35 S promoter, and a neomycin phosphotransferase II (nptII) gene driven by a nos promoter (Figure 7 ) [47] .
Regeneration protocol development
Cotyledonary node explants (CNE) were excised from seedlings of I. walleriana cvs. Accent Red and Salmon Picote that had grown on solid MS basal medium for 8-12 days, prior to expansion of the first true leaves. The epicotyl was removed approx. 5 mm below the cotyledonary node, and the cotyledonary node was divided vertically producing two explants from each seedling. The cotyledonary node tissue was then wounded with a scalpel blade (Feather Safety Razor Co. LTD Medical Division, Japan) by making 8 to 10 vertical cuts. The CNE were subsequently cultured upright with the basal end embedded in 100 × 20 mm Petri dishes containing 25 ml of different media based on basal medium 1 (BM1) for shoot induction (Table 3 ) amended with 5 μM BA or TDZ at 1, 3, 5, or 7 μM for 4 weeks. Each Petri plate contained ten explants, each treatment was replicated four times and plates were arranged using a completely random design. All cultures were placed in a growth chamber (Enconair, Ecological Chambers, Inc., Manitoba, Canada) at 25°C with 16 h photoperiod.
To improve regeneration efficiency and simplify explant preparation, we prepared hypocotyl segments containing cotyledonary nodes (HSCCN) from seedlings by removing epicotyls just above cotyledon nodes, both cotyledons and hypocotyls at a position approximately 0.5 cm below the cotyledonary node. The hypocotyl segments were placed upright, with the basal end embedded in 100 × 25 mm Petri dishes containing approx. 40 ml of any of three different shoot induction media (IM1, IM2, and IM3). IM1, IM2 and IM3 contained basal medium 2 (Table 3) 200   250   13  7  51  65  52  8  42  10  14  1  11  23  12  9  21  34  66  2  33  4 
Determination of optimal concentration of kanamycin for transformation selection
To determine the optimal kanamycin concentration for shoot selection, we used MBCE approx. 0.5 cm diam isolated from 2-7 month old cultures that had been subcultured every month on IM2, and placed them on fresh IM2 with 0, 20, 35 and 50 mg/l kanamycin for 6 to 7 weeks. After this treatment, the cultures were examined for evidence of new growth (alive) or not (dead or necrotic). For root selection, individual shoots were separated from multiple shoot clusters and cultured on IM5 supplemented with 0, 25, 35 and 50 mg/l kanamycin for approximately 4 weeks, after which they were examined for evidence of root growth. Explants were grown under conditions described previously. All experiments were conducted three times independently.
Agrobacterium preparation and transformation
Agrobacterium strains were grown according to Dan et al. [42] , except with 50 mg/l kanamycin in LB medium. The bacteria were suspended in liquid medium containing 2.22 g/l MS basal medium, 30 g/l sucrose and 0.2 mM acetosyringone (AS) with pH of 5.4. Multiple bud cluster explants (MBCE) approx. 0.5 cm in diameter were isolated from two to seven month old cultures that were sub-cultured every month on IM2. The MBCE were inoculated in 30 ml Agrobacterium solution at OD 600 = 0.5 for 30 min at room temperature after which the Agrobacterium solution was removed with a sterile pipette. A modification to the method of Cheng et al. [39] was used, where the explants were co-cultured in a sterile 100 × 15 mm Petri dishes Petri dish containing a filter paper (Whatman 4) soaked with 40 μl inoculation medium at 24°C in the dark for 1 to 7 days. After co-culture, the explants were cultured on IM2 supplemented with 50 mg/l kanamycin and 250 mg/l carbenicillin for multiple shoot induction. Multiple shoots that formed 5-8 weeks after selection were transferred onto IM4 plus 50 mg/l kanamycin and 250 mg/l carbenicillin for shoot elongation. Two to three weeks after shoot elongation, individual shoots were separated and transferred into IM5 with 35 mg/l kanamycin and 250 mg/l carbenicillin for rooting. All culture vessels and conditions were as described above. All experiments were conducted two or three times independently. An independent transgenic plant event was determined as only one transgenic plant that had regenerated from a single initial explant to ensure that each regenerant represented an independent transformation when multiple transgenic plants were obtained from a single initial explant. USA). Primers used for the gfp gene were 5′-AGGGC-GATGCCACCTA-3′ and 5′-GACTGGGTGCTCAG GTA-3′. Primers for the nptII gene were 5′-TGTGCT CGACGTTGTCACTGAA-3′ and 5′-CACCATGATATT CGGCAAGCAG-3′. Primers for the picA gene (plantinducible chromosomal gene A) of A. tumefaciens chromosome were 5′-ATGCGCATGAGG CTCGTCTT CGAG-3′ and 5′ GACGCAACGCATCCTCGATCAG CT-3′. PCR was conducted in a total volume of 20 μl, containing 100 ng template DNA, 2 μl 10× buffer, 1 μl 4 mM dNTP, 0.2 μl of 50 μM primers, 0.2 μl of 5000 U/ml Taq DNA polymerase (NEB, Maryland, USA) with a MyCycler Thermal Cycler (Bio-Rad, USA). The PCR conditions were: initial denaturation at 95°C for 5 min, 30 cycles of denaturation at 95°C for 30 sec, annealing at 49°C for 30 sec for the gfp gene, 62°C for the nptII gene or 70°C for the picA gene, and extension at 72°C for 30 sec, followed by final extension at 72°C for 5 min and holding at 4°C. Southern blot analysis was performed by Lofstrand Labs Ltd. (Gaithersburg, MD 20879). Approx. 15 μg genomic DNA of Impatiens plants were digested with EcoR1 for the nptII probe or Hind III for the gfp probe. The digested DNA samples were loaded onto a 350 ml 0.7% TBE agarose gel and the gel was electrophoresed at 50 V for 18 h. It was transferred to a nylon membrane Nytran Supercharge (Whatman/Schleicher and Schuell). Each membrane was UV linked and air-dried. The membrane was prehybridized using 6× SSC, 5× Denhardt's solution, and 0.5% SDS at 68°C for 6 h. They were separately hybridized using the random primed probes of nptII and gfp template DNA that were labeled with P 32 . The hybridizations were carried out at 68°C for 27 h. The membranes was washed in 2× SSC+0.1% SDS at 68°C with three buffer changes over a period of 60 min; and 20 min at 68°C with 0.1× SSC + 0.1% SDS. The membranes were autoradiographed for approximately 41 h and 4 days using an intensifier screen at -80°C for the nptII and gfp genes, respectively.
Approximately 100 seeds of each transgenic plant and a wild type Impatiens as control were geminated on moistened filter paper in 100 × 15 mm Petri plates sealed with parafilm and incubated at 25°C in the dark for 7 days. The seedlings and some non-geminated seeds were screened under an Olympus SZX12 stereomicroscope with a GFP filter for the presence of GFP (Figure 4f ). The number of GFP positive and negative seedlings and the number of GFP positive and negative seeds were recorded. Chi-square analysis was conducted to determine goodness of fit to a 3:1 ratio of GFP positive to GFP negative seedlings and seeds.
